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ABSTRACT

A theoretical analysis developing the design equations for extending ion source
operation to higher pressures has resulted in a test model capable of direct
analysis of pressures up to 1 x 102 torr. Close agreement between the theory
and the test results was obtained, and the operating pressure range of the test
model was extended to 1 x 10~! torr, The objective of the study was to produce
a sowr ce capable of operation at 1 x 1072 torr having a sensitivity of 1 x 10-8
amperes/torr without exceeding a time response of 0,030 seconds. Test of the
instrument gave operation to 1 x 107! torr with a sensitivity of 8 x 10~
amperes/torr, The time response was analyzed using a computer program, and for

the defined interfacing system zave a response of .0025 seconds to 95% of a
stepped pressure change.
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LIST OF SYMBOLS

Net inlet gas flow (torr - liters/second)

Net source gas flow (torr - liters/second)

Net analyzer gas flow (torr - liters/second)
Inlet gas conductance (liters/second)

Ion source gas conductance (liters/second)
Analyzer gas conductance (liters/second)

Pumping speed (liters/second)

Ion source volume (liters)

Analyzer volume (liters)

External sample gas pressure (torr)

Ion source maximum design pressure (torr)
Analyzer pressure (torr)

Pump pressure (torr)

Differential pumping ratio, Ps/Pa (dimensionless)
Ion exit aperture conductance (liters/second)
Electron entrance aperture conductance (liters/second)

Correction factor for length to diameter ratio for ion exit aperture
conductance (dimensionless)

Correction factor for length to height ratio for electron entrance
aperture conductance (dimensionless)

Ion exit aperture length (meters)

Ion exit aperture radius (meters)



Electron entrance aperture length (meters)

Electron entrance aperture width (meters)
Electron entrance aperture height (meters)

Mean free path of the gas species (meters)

Mean free path of the electrons in the gas species (meters)
Mean free path of the ions in the gas species (meters)
Electron beam path length in ionizing region (meters)

Ion beam path length in ionizing region (meters)

Thickness of electron beam (meters)

Distance separating ion extraction electrodes (meters)

Fraction of distance separating ion extraction electrodes from the
accelerator at which the electron beam is located (dimensionless)

Initial electron current entering ionizing region (amperes)
Electron current reaching anode (amperes)

Electron current at point where ions are extracted (amperes)
Initial ion current formed by I; (amperes)

Ion current reaching ion exit aperture (amperes)

Total ion current formed (amperes)

Total transmittable ion current (amperes)

Electron current density (amperes/meter?2)

Ionization cross-section [r* (amperes)/I-(amperes - torr - meter
F
of electron path lengﬂﬂ

Critical pressure (torr)

Ion source pressure to critical pressure ratio (dimensionless)

Ionizing electron current to ion extraction potential ratio (micro-
amperes/volt)

Ionizing plane potential to ion extraction potential ratio (dimension-

less)

Permittivity of free space (8.85 x 10-12 farads/meter)



e = Electronic charge (1,6 x 10-19 c0ufombs)
m, = Mass of electron (kilograms)
= Mass of positive ion (kilograms)
Vr = Ion extraction (repeller) potential (volts)
Avion = Ion energy spread (volts)
Ve1 = Energy of ionizing electrons (volts)
vV, = Electron beam velocity through ionizing region (meters/second)
Bz = Flux density of electron beam aligning magnetic field (webers/meter?)
o = Walking angle of magnetically aligned electron beam in the ion
extraction field (°)
I;C TON = Space charge limit of ion current transmittable through a tunnel
MAX aperture (amperes)
I = Space charge limit of electron current transmittable through a
SC]TUN . .
MAX tunnel aperture when magnetically aligned (amperes)
Y 1 = Electron energy upon reaching electron entrance aperture (volts)
© | APERTURE
T = Ion source time constant (seconds)



1. INTRODUCTION

The primary function of a mass spectrometer system is to analyze a gaseous mixture,
separate the components of the mixture, and measure the resulting partial pressures
of the constituents. This procedure is accomplished by four interrelated system
components as described below:

a. A sample gas inlet system which conducts a portion of the gas from the
area to be analyzed to the ion source.

b. An ion source to create positive ions of the various species, the
quantities of which are directly proportional to the partial pressures
of the gas constituents, and then focuses the ions into the analyzer
section.

c. An analyzer which can separate, or filter, the ions according to their
mass to charge ratios, m/e's, and pass them into a collector, or col-
lectors, from which they may be detected.

d. A detector to measure the ion currents which strike the collecting
system, and read out a signal corresponding to the partial pressures
which are present.

The ion source is thus a critical point of the system, since it is here that the
change in regime takes place, being the conversion of the neutral atomic or
molecular species to ions proportional to the partial pressures of the gases
present in the mixture. However, all ion sources presently being produced have
upper pressure limitations, the highest of which operate up to approximately

1 x 10°3 torr. Consequently, when sampling pressures higher than this level, a
pressure dividing network is required in the inlet system in order to reduce the
sample pressure to an acceptable level to insure proper operation of the ion
source,

In a space flight mass spectrometer system designed to sample an atmosphere from

a spacecraft at higher pressure levels than the ion source upper pressure limita-
tions, a direct leak is generally employed as the inlet system between the external
atmosphere and the ion source. This is done to obtain the proper pressure differ-
ential required. This restriction in the gas flow then imposes a time constant

in the inlet line, such that the smaller the leak, corresponding to higher external
pressures, the longer becomes the time response of the mass spectrometer system.

In a laboratory instrument instrument in which the external pressure of the sample
is maintained, this effect does not cause problems. But, in a spacecraft moving
through a changing atmospheric density at a relatively high velocity, the time
response of the instrument becomes a critical factor in measuring constituent
partial pressures as a function of the spacecraft altitude.
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The problem presented is thus to build an ion source such that a space flight

mass spectrometer system is capable of analyzing relatively high external pres-
sures, and with a very low time response so that timely and meaningful data can

be obtained of the atmospheric demsity. To reduce the inlet system time constant,
the pressure differential across the leak must be reduced; which means that the
ion source to be used must be capable of withstanding operation at higher pressure
levels.

o



2. TASK DEFINITION AND GOALS

The purpose of this study was to perform a theoretical investigation of a high
pressure ion source, utilizing a magnetically aligned electron beam, and to per-
form the mechanical design, fabrication, and testing of the ion source having the
following design goals:

a. The capability of matching a previously designed mass spectrometer while
providing a sensitivity approaching 1 x 10-8 amperes/torr.

b. An upper operating pressure limitation of 1 x 10-2 torr.

c. A maximum ion source time response of 30 milliseconds.
Other important characteristics to be inherent with the design were the stability
and linearity over the operating pressure range, and interchangibility with the

ion sources previously manufactured as part of the specialized mass spectrometer
systems built under Contract NAS5-3453.




3. THEORETICAL ANALYSES AND CONSIDERATIONS

3.1 GAS FLOW CONSIDERATIONS

To design an ion source capable of high pressure operations, the first consider-
ation becomes a question of the maximum allowable pressure in the analyzer to
which the ion source will be fitted, and whether or not a vacuum pump will be
fitted to the instrument. If the analyzer pressure is much lower than that of

the ion source, then gas restricting apertures must be placed between the ionizing
region and the analyzer to create the required pressure differential. At high
pressures the use of this pressure differential becomes extremely important due

to the effect upon the mean free paths of the ions formed.

The gas flow through the entire mass spectrometer system can be defined in terms
of the variables shown in Figure 3-la if a vacuum pump is used, or as in Fig-
ure 3-1b without a vacuum pump but using the evacuated volume of the analyzer as
a vacuum capacity.

ATMOSPHERE ANALYZER
TO BE
SAMPLED ION SOURCE VACUUM PUMP
PS v
Po ° SP’ PP
' P
S a
FIGURE 3-la
ATMOSPHERE ANALYZER
TO BE
SAMPLED ION SOURCE
P A
P s a
o
v P
-8 a
FIGURE 3-1b




Under changing conditions, if we differentiate the energy (PV) of the gas con-
tained in the analyzer volume;

d(®v) _ - pd¥ dP  _

at QE PEE + th Energy flow.
At equilibrium pressure, as in Figure 3-la, &€ 0 and av . S, the pumping

dt dt

speed of the attached pump, Thus,

Q = PS (3-1)
Without a pump, %% = O and

dPa .
% = Va3 (3-2)

for the analyzer volume,
The flow into the analyzer volume from Figure 3-1b can be expressed also as

Q = CAP = C_ (B -P)

Equating with (3-2),

dPa CS(Ps - Pa)
T v (3-3)
Integrating,
~C
P = P [1 - e S/V] . (3-4)
a s

3.1.1 SYSTEM WITH A PUMP ATTACHED

Considering now, the more general system, with a vacuum pump attached, the gas
flow can be described as follows:

Q, = C(® - P) @)
Q = C (2, - B) (®) (3-5)
Q = C @, - Pp) = BS, (c)
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The ion source changes in pressure as a function of time can then be written the
general form of (3-3) as

dP

s . - - -
dt Vs [ (Po Ps)co (Ps Pa)cs]
or
dP 1
= V; [ PC - (C +CP +PC ] , (3-6)

and the change in the analyzer pressure with time is expressed by

dPa 1
&® TV, [@, - re, - @, - 20, ]
- L [(p-p)c-rs] (3-7)
Va ] a’’s PP :
But
SP = (P -P)C
PP ¢, P)a
or

Ca
P " \s +c Jf
P a

and substituting in Equation (3-7) for Pp gives

dPa 1 CaS
——dt = "Z PSCS - CS + 's"p"—+ C'a Pa (3'8)

In the condition where equilibrium has been reached by the system with a constant
surrounding atmosphere, then the flow into the analyzer is equal to the flow out,
or

Qs = Qa = Cs(Ps B Pa) = SpPp

Also from (3-5b and c¢) the differential pumping ratio of the source can be
written

P_ s, c, | |
=g =il J\5wc) 39
a s p a
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and thus, for

S

C>» S ; Dm1+=2 and Q ~SP
a P Cs a pP a

S
= ; = £
Ca Sp 3y D 1+ ZCS and Qa

il

N j=
(7
L3+

c
< ; D= -2 ~
C, <8 ; Dm1l+ . and Q =~ C_P

This shows that it is desirable to make Cg small and Sp and C3 large to achieve a
large differential pumping. A large or comparable C; relative to Sp will save
power and weight of the pump.

3.1.2 SYSTEM WITHOUT A PUMP

In the system without a vacuum pump attached to the analyzer, the gas flow is
described by the following:

Q, = C, (B, -P) (3-10)
Q, = C (B, -P) (3-11)
Q, = C,(, -P) (3-12)

Changes in the ion source pressure as a function of time are thus represented by

dp
s . L - -
A [Poc0 (C, + C P, + PaCs] . (3-13)

The change in the analyzer pressure with time is:

dPa CS
el [, -2,] - (-1

It is then obvious that at equilibrium, i.e., when the gas flow into the analyzer
equals the flow out, that the analyzer pressure will be equal to the ion source
pressure such that

D = = = 1 (3‘15)

However, in an actual case the flight path of the space vehicle from which measure-
ments are taken must be known so that the pressure in the ion source and analyzer
can be computed. The effective differential pumping is a function of time as des-
cribed by Equations (3-13) and (3-14) for an assumed and fixed external pressure.
Some estimates of accumulated pressure can be determined from these equations.
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3.1.3 GAS FLOW THROUGH APERTURES

The gas conductances defined previously in Figures 3-la and 3-1b can be controlled
by the use of restricting apertures which can limit the flow. The determination
of the gas flow through annular and rectangular apertures can be computed from

the dimensions of the holes by use of the relationships given by Guthrie and
Wakerling.1 They give the expression for the conductance of a short round pipe as

3
= | T JKL W QR -
¢ = [3 2 L, ]“1 _ (3-16)

which for air at 20°C becomes

3
c = 12.1 Sg%l- a
1

1 (liters/second) (3-17)

where the values for a; are tabulated in Table 3-1, and where R and L] are
expressed in centimeters.

TABLE 3-1
L1/2R a;
0.05 0.036
0.08 0.055
0.1 0.068
0.2 0.13
0.4 0.21
0.6 0.28
0.8 0.30
1.0 0.38
2 0.54
4 0.70
6 0.77
8 0.81
10 0.84
20 0.91
40 _ 0.95
60 - 0.97
80 0.98
2100 1

wi



For a long thin slitlike tube, where t is the height, w the width and of length
Ly in centimeters, the conductance is expressed by

2
C = 30.9%‘—1( (liters/second) (3-18)
2 .

for air at 20°C. For a short thin slitlike tube, this expression becomes modified
by the aperture conductance (as with the aj factor in the round tube) where the
total conductance through the glit is then

Coprm C
¢ = = su'r+ %P | . (3-19)
| SLIT = AP :

The aperture conductance is found by

AA '
Cpp = 11.6 T2 | o -~ (3-20)
[+

where
A = area of the aperture (cmz)

Ao = area of the region from which the gas flows (cmz).

For A°>> A, this becomes

= : . . "21
C,p 11.6 A , (3-21)

The values of K are tabulated in Table 3-2.

TABLE 3-2
K
L2/t |
0.1 0.036
0.2 0.068
0.4 ’ 0.13
0.8 , 0.22
1 0.26
2 0.40
3 0.52
4 0.60
5 0.67
10 0.9
L
3 2
>10 ) 8 In (t )
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For the circular aperture condition, it is seen that a] is dependent upon the
length to diameter ratio, L}/2R, so that it is convenient to rewrite Equation
(3-17) for dimensions in MKS units in the following form,

4 2 (2R

C = 48.4 x 10 R (f—) a1 (liters/second) . (3-22)
1

Similarly, since K is dependent upon the length to height ratio, L,/t; with the
slitlike tube, Equation (3-18) becomes

C = 30.9 x 104 wt (%—) K (liters/second) (3-23)
2

and the aperture conductance is then

4 AAo
C = 11.6 x 100 ——=——  (liters/second) (3-24)

AP A - A
o

where the areas are now expressed in square meters.
3.1.4 DIFFERENTIAL PUMPING

Due to mean-free-path considerations, a high pressure source must be small in
size. However, it is only necessary to maintain the ionizing region at the
elevated pressure level. Consequently, the filament and electron gun can be kept
at the analyzer pressure level. The advantages of this type of system are
threefold:

a. Sample distortion due to interaction of the sample with the filament is
reduced, the most important being the conversion of 0, to CO thereby
reducing the m/e 32 peak and increasing the m/e 28 peak.

b. Space charge effects are minimized in the electron focusing system when
it is external to the high pressure region, thus giving greater stability
of the emission system.

c. In a system utilizing a vacuum pump, a minimal degree of preferential
gas pumping is created by the pump. This avoids building up a large
partial pressure of a gas having relatively low pumping speed.

It is desirable in the design of a high pressure ion source to limit the gas flow
out of the ionizing region. Using the design discussed above, two places are
required; the electron entrance aperture through which the ionizing electron beam
is focused, and the ion exit aperture from which the ions are conducted to the
analyzer region. For a high pressure instrument, it is desirable to place the

ion exit restriction between the ionizing region and the ion focusing area. This
allows for minimal travel of the ions within the high pressure region, and reduces
the effective volume of the source.




3.1.5 ELECTRON GUN - TONIZING REGION - ANALYZER INTERFACING

The electron guns found most suitable for stability in space-flight applications
have consisted of straight wire filaments of small diameter which are spring
loaded. By this method of operation, the hot spot of the filament becomes aligned
with the focusing system. This implies that the electron emission will be a beam
having a width along the wire surface and a height related to the wire diameter.

The analyzer of the Specialized Mass Spectrometer toward which this study is pro-
jected consists of a quadrupole mass filter designed to accept ions having:

a. Energies up to 300 ev.
b. Energy spreads up to 15 ev.

c. Entrance angles up to 1.3° emerging from a circular aperture having a
diameter of 0.010 inches (2.54 x 104 meters).

This analyzer can be provided with a vacuum pump, and this is assumed here,

Interfacing the ion source to the analyzer and the filament then defines the

shapes of the ionizing region apertures. A circular ion exit aperture from the
ionizing region allows for the symetrical x and y transmission of the ions while
limiting the conductance of the hole to a minimum. At the electron entrance
aperture, a thin slitlike tube becomes the most efficient type of aperture, giving
the best current density while keeping the beam thickness small, This configura-
tion also provides a low ion energy spread, as is later shown to be importarnt and a
beam wider than the diameter of the ion aperture. Consequently misalignment of

the electron beam over this hole will not degrade the performance of the source.

3.1.6 APERTURE DEPENDENCE UPON PRESSURE

From the foregoing discussion, it is apparent that the ion source gas flow can be
expressed by

CS = C1 + C2

where C] and C) represent the conductances of a round hole and rectangular slit
respectively. Letting

= 3’25
C, K1C1 , ( )
where
C
K, = 1+ 52- ,
1

and substituting Equation (3-22) for Cy, it is seen that

1 L

C = 48.4 x 104 K R2 (25> a . (3-26)
s 1 1
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The ion source pressure can then be defined in terms of conductances by substi-
tuting Equation (3-26) for Cg into Equation (3-9), which gives

Sp Ll Ca
P o= B |t 4. 2 \2R S +C . (3-27)

48.4 x 10 K1R a, p a

By making the assumption that Ca >> Sp

Sp (L1>
PS = Pa 1+ ) R (3-28)

48.4 x 10 K1R a;

However, since @j is dependent upon the L1/2R ratio, it is convenient to write

L
- (3)(5)

where Ll/R and a; are held constant., From Equations (3-28) and (3-29) the ion
exit aperture radius can then be described by

K,S 1/2 p -1/2
R = P " 35 -1 ] (3-30)
48.4 x 10K a

1

However, for the large differential pumping ratios assumed here, then PS/Pa > 1,

and this equation reduces to the form

1/2
KZSpPg -1/2

48.4 x 1041<1 s

Here the radius defines both source apertures through the constant K; and is,
itself, defined by the design pressures.

3.2 T1ONIZING REGION PARAMETER CONSIDERATIONS

An objective in the design of any ion source is generally one of obtaining the
maximum ion source sensitivity for a given electron current density without
sacrificing the linearity or stability of the instrument. 1In a high pressure
application, many of the parameters assume a much higher degree of importance
than in lower pressure instruments where they may be considered negligible.
Consequently, this investigation assumes a more complete approach toward all of
the variables involved. Each of these parameters are covered in the sections
below, and the interrelationships between them are explained.

P . (3-31)
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Figure 3-2 illustrates a model of the ionizing region with the primary variables
defined. The theoretical analysis that follows is based upon this model.

In the process of optimizing an ion source design, not only the pressure and
current are variables but also all of the other parameters, such as the dimen-
sions, are considered to be variables. Consequently, in the work that follows
these parameters are scaled larger and smaller with other variables until the
configuration appears to operate correctly in the desired pressure range.

3.2.1 CHARGED PARTICLE COLLISIONS WITH THE GAS

The motion of a neutral gas molecule is such that the particle will travel along

a straight path until it either collides with another particle or with one of the
walls of the containing vessel. The same condition is true for a charged particle
with the exception that it may undergo deflections by electrostatic or magnetic
fields. The mean distance traveled between these collisions is the mean free path
of the particle, This mean free path is given by

A = ——PF . (3-32)

For low-velocity electrons, such as obtained in the use of an ionization gauge,
Cobine? gives the mean free path for electrons as

K
_ 1/2 _ 4 -
Ae = 4(2) Xgas = 7 (3-33)
and for ions as
_ 1/2
NS @) xgas . (3-34)

For stable ion source operation, it is desirable to be able to regulate the
electron beam current passing through the ionizing region such that the ion cur-
rent generated will be solely a function of the pressure. It is assumed here
that this is accomplished by collection on an anode beyond the ionizing region.
Space charge will alsoc affect this ion current as shown later,

To obtain linearity of the ion current with pressure it is normally necessary to
operate in a low pressure regime such that a high percentage of this current is
transmitted to the exit slit. A self-compensating method is used here to extend
the linearity to higher pressures.

From Beer-Lambert's law, the transmission of any charged particles can be ex-
pressed by

L. 2N (3-35)

Rewriting this expression gives the path length required for a set percentage
transmission of current as,

I
L = 2 1n<-12> . (3-36)

3-10




.VF
r

ION
REPELLER

ELECTRONI '
BEAM

ION EXIT
' APERTURE

_ ION BEAM

FIGURE 3-2
Model of the Ionizing Regions

ION ACCELERATOR

S3-11



For an air sample, the path length of the electron beam through the high pressure
region of the source is then

I
[1 = %—- 2.75 x 10 4 1n (—?-) (meters), (3-37)
s 1

and for the ion beam formed becomes

+

I
[2 = %—- 6.87 x 10 3 1n(—:) (meters). (3-38)
s I

One feature which can be extracted from these equations is the fact that a geo-
metrical relationship can be formed between these two path lengths. First, assume
the aperture through which the ions are extracted ig placed at some fraction, Kj,
of the entrance-anode electron beam path length, £Lj. The current passing over the
entire path length and reaching the anode, IAN’ of the source can be described by

=L/ _
Iow = Loe e (3-39)

and the electron current forming the ions to be extracted through the aperture is
expressed by

- R/
I, = 1 e . (3-40)
i o
Eliminating the initial electron current gives the expression

L./)X1-x)
. - Fhigak

Rewriting Equation (3-35) for the ion current at the exit of the high pressure
region gives
L/,
o= rte 2L (3-42)

But the ion current formed, I: , can also be described by

1: = K'T » (3-43)
Where
K' = a constant involving the ionization cross section, the source pres-

sure, the electron current density, and volume from which the ions
are extracted.

3-12




Combining Equatioms (3-41), (3-42), and (3-43), the ion current at the exit
aperture is thus

ey
T = K'I;N e Ae 3 N . (3-44)

However, if regulation of the ionizing electron current is accomplished by keeping
the anode current constant, then the transmittable ion current can be made inde-
pendent of the mean free path of the ions only if the exponent of Equation (3-44)
is set equal to 0, from which the following distance relationship can be given as

12 A{
< = X ax . -

Replacing A; and \e by their equivalents in Equations (3-33) and (3-34) gives

L

1 ' ‘ |
ZI - 7 (1-K3) (3-46)

While this expression gives a geometrical relationship between the path lengths of
the electron and ion beams, it is believed that the uncertainties in the exact
values of the mean free paths are such that the use of this formula would be help-
ful over a limited range of ion current transmission. Another limitation on this
equation would also be the maximum amount of electron current which can be gener-
ated before filament failure.

3.2.2 SPACE CHARGE LIMITATIONS

The ion current formed within the ionizing region of an ion source is described
by the equation

17 = s1’p wt'l , ' (3-47)
F s 1

or a density facing the ion aperture of

+ = = [
JF—SJPSt s

for an electron beam of length ll in the ionizing region and a cross sectional
area of wt'. The transmittable ion current is then dependent upon the area of
the ion exit aperture. Assuming a circular aperture of radius R as determined
by Equation (3-31), this current is then expressed by

It = sy t'R% . , ‘ (3-48)
T s
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However, the presence of an electron beam and ion formation will create a change
in the space potential where the ionization is taking place. With the electron
beam current held constant, the space potential, in general, will change with the
pressure due to an unbalanced change in charge within the region. The influence
of this space charge in the ionizing region has been examined by Brubaker.3 He
defines the ion source pressure as a fraction, x, of a quantity termed the criti-
cal pressure, which is the pressure at which the potential of the ionizing plane
becomes independent of the electron current density. Thus the expression is:

PS = xPC , (3-49)

where the critical pressure is described by

5 ( Vrme 1/2
Pe = (Ads) av_M ’ (3-50)
el
where
d = Spacing, repeller to accelerator (meters)
a = Fractional spacing of electron beam
S = 1Ionization coefficient (ions/electron - meter of path length
torr pressure)
VR’ Ve1 = Potentials of repeller and electrons (volts)
m , M = Masses of the electron and ion (kilogram).

e

It is then convenient to define normalized quantities of the anode current and the
potential of the ionizing plane with respect to the ion extraction potential,
giving

\
T

- '
i, = (J—‘L) (106) (pamp/volt) (3-51)
where J , w and t' are density, width and thickness of the electron beam, respec-
tively. Also defined is

\'/
_ 'IONIZING PLANE (3-52)
2 v

He then derives an expression for aj as a function of space charge when iy is
small such that '

a, = a [1+ AL (x - ] , (3-53)
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where

9 12
W . (la)d x 10 ( e >

eow 2Ve1e

Figure 3-3 is then a plot of the potential of ionizing plane versus the anode
current, each of which is normalized with respect to the ion extraction potential,
V. using x as a parameter.

Substituting for Pg and J-, from Equations (3-49), (3-50), and (3-51) into (3-48)
the transmittable ion current is then described by

n 1/2 2 p
+ _ (3 -6 e . R 3/2 .
IT = (4 x 10 )(aVe1M> (1vx) (wd) Vr (3-54)

The maximum transmittable ion current is now defined in terms of the dimensions of
the source and the space-charge parameters, i,, and x. Choice of values for iv and
x will determine the amount of each sign of space-charge present and the degree of
non-linearities in operation that are allowed.

It is also apparent that, from this equation alone, ion source size does not con-
trol the ion current, if all dimensions scale together. However, the applied
repeller potential has a strong influence. Limitations toward increasing V, occur
due to increased deflection of the electron beam and increased ion energy spread.

The distance from the ionizing plane to the ion exit aperture, a * d, is equal to
the previously defined distance, £p, or from Equation (3-46)

L
ad = £, = = @-K) . (3-55)

From Equations (3-39) and (3-33), and eliminating ll’ then

) 1-K I )
d = 2 = (—=3) |k mf{=2)|r ! (3-56)
a 4a 4 1° s
AN
where
i 1/2
R, = 4@ AP,

The gas mean-free-paths are tabulated for various gases in Table 3-3.

The ion extraction potential, V., can also be written in terms of the ion source
pressure by combining Equations (3-49) and (3-50), and by rearranging the terms
to give

2 faV M
v o= (iis-) ( el >p 2 (3-57)
r 3x me s
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Gas

H,

He

CH4

NH,

HZO vapor

Ne

Agas
(meters)

8.97x10'5/P
1.41x10"%/p
-5
3.92x10 °/P
-5
3.42x10 2 /P
-5
3.18x10° 2 /P
1.00x10"%/p
-5
4.77x10°2/P

4.86x10 2 /P

5.15%x1072 /P
-5
3.38x107° /P

5.06x10™°/P

3.18x107°/p

TABLE 3-3

Ae
(meters)

5.08x10™*/p
7.99x10™%/p
2.22x107%/p
1.94x107%/p
1.80x10™*/p
5.66x10"%/p
2.70x10"%/p

2.75x10"*/p

z.9zx10'4/P
1.91x10'4/P

2.87x10'4/P

1.80x1074/p

X

(torr-meters)

5.08x10"
7.99x10°
2.22x10°
1.94x10"
1.80x10°
5.66x10°
2.70x10°

2.75x10°

2.92x10
1.91x10°

2.87x10°

1.80x10°

and substituting for d from Equation (3-56) results in

o

S 2

)

2

(=5)(

1-K
3
a ) Kﬁ In

4

4

4

4

4

4

4

4

4

4

4

4

A

(meters)

1.27x10"%/p
1.99x10 %/p
-5
5.55x10 /P
-5
4.84x10 /P
-5
4.50x10 /P
1.41x10"%/p
-5
6.75x10 °/p

6.87x107° /P

7.29x107°/P
-5
4.78x10 ~ /P

7.16x107° /P

4.50x10 2 /P

(3-58)

This states that the ion extraction potential is independent of the ion source
design pressure, Py, since d is caused to scale inversly with pressure.

In order to obtain good aligmnment of the electron beam over the ion exit aperture,
and also to insure that the electron current density remain constant over the

portion of the ionizing region from which the transmittable ions are extracted,

it is a good practice to make the width of the beam somewhat wider than the

diameter of the ion exit aperture.

such that

K5 =

This can be accomplished by a scaling factor

(3-59)
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A value of Kg less than 0.5 is necessary for the beam to cover the ion aperture.
Combining these last three equations with Equations (3-31) and (3-54) to find the
transmittable ion current in terms of the ion source pressure gives

2 1/2

2 -
1-K 1 K.S P
+ (16 -6) 3 o 2°p"a
IT = (-—-—9 x 10 (KS) <—_4a ) K4 ln( = ) ( A )
7 Kl

\
IAN 48.4x10

3
av .M i$8
el v 1/2
(T)(—z‘) ? (3-60)
e X

This equation states that with the use of scaling factors to define the geometri-
cal relationships within the ionizing region of an ion source, and by holding the
remaining parameters in this equation constant, then the maximum transmittable
ion current increases with the square root of the maximum designed pressure limi-
tation of the source. It is noted that several parameters do not appear in this
equation. V., for example, has already been examined and found to be constant,
independent of Pg. It is now necessary to examine the remaining parameters to
determine if these are within the bounds of reasonableness as Pg is increased.

When the space potential of the ionizing plane changes within the ionizing fegion,
a non-linearity will occur in the transmittable ion output current, due to a

field curvature created between the ion extraction electrodes. This will change
with the pressure as Pg is varied from zero up to the maximum designed pressure,
Ps. It is therefore desirable to limit the degree of non-linearity which will
occur over this range. When iy is very small, this can be done by limiting the
change of the value of aj, such that Aaz/az corresponds to a marked degree of
non-linearity (see curves plotted in Figure 3-3). Assuming iy is very small,
differentiating Equation (3-53) gives

Aa2 = aAiVAx (3-61)

However, the change in the value of x over a designed ion source pressure range is
from x = 0 to x = x, or then Ax = x. Therefore, the non-linearity can be described
4

by
Aaz AivX

= —t (3-62)
a, 1+A1V(x 1

and thus

X = —— ' (3;63)
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From experimental data, the value OfAAQZ/az can be computed for a degree of non-
linearity when iy, is small, and this can then be transposed into future design
work.

The electron current density required to give the trarnsmittable ion current as
expressed by Equation (3-60) can then be found from Equation (3-51) as

. iy x107°
7o

However, the electron beam thickness, t', is a function of the ion energy spread
as limited by the analyzer., This defines the thickness as

' = (Avion> d
Vr

and by substituting for V. and d from Equations (3-56) and (3-58) gives

-1
-1 -1 -
-2 faV M 1-X I
tl - _lﬁ el 3 o] -1 ~
(Avion) (3x) ( m, ha K, 1n . P (3-64)

AN

The required electron current density to keep i, constant as the maximum designed
pressure varies can thus be written as

. 2 3 -\|3
. viS (10-6) 48 4 aVelM 1 K3 — EE_
AV, 3x m 4a 4 -
ion v e 1

AN

48.4 x 1o4K1

X25p%a \ 3/2
—_—<cpa

PS (3-65)
For an ion source designed to operate at higher pressures and retain a limited
degree of non-linearity the dependence of the ion source parameters upon the
maximum designed pressure can be abbreviated to the fcrms below:

1/2
Qa /
R = C1 E—
s
g - 2
1 P
s
_ 0
Ve = C3Ps




- -1/2_ 3/2
Joo= 6, B

=~
L]

1/2
C5(QP,)

This set of equations shows the dependence of the primary ion source parameters
upon the two variables which define the system gas flow, i.e., the maximum ion
source designed pressure, and the gas flow out of the analyzer. Here, the assump-
tion is made that the conductance of the analyzer, C;, is much greater than the
speed of the pump, SP' These equations are illustrated in Figure 3-4, and can
then be interpreted as follows:

a. With the defined parameters of electron energy, gas species, ion energy
spread, and electron transmission percentage to the anode, a set of
dimensional relationships, or scaling factors can be generated relative
to the ion exit aperture radius and the path length of the electron
beam. These give the ionizing region dimensions as a function of the
maximum ion source pressure, and the net gas flow out of the analyzer.
It is then desirable to determine how the maximum transmittable ion
current changes as the maximum ion source pressure is varied.

b. The maximum ion current output is governed by space charge limitations
and non-linearity of the ion current as the pressure is changed. In
certain specific ion sources where the non-linearity has been measured
as a function of ion source pressure and electron current, the results
can be placed in the context of Brubaker's source equations and the
effective values of i, and x determined. Thus, by maintaining these
parameters constant, and the same relative dimensions, the maximum
pressure can be varied without changing the degree of non-linearity of
the source.

c. Since the relative parameters, x and iy, are related through Equation
(3-63) to a degree of non-linearity,Aay/a,,when iy is small, iy must be
held constant to maintain the same non-linearity as the pressure is
varied. From Equation (3-51) it is seen that iy would change as the ion
source dimensions follow the change in the maximum pressure for Vy con-
stant, if no other change were made. Thus, the electron current density
must be adjusted to maintain the value of iy.

d. As the maximum ion source pressure is increased, the result is (1) a
shrinking of the ionizing region volume, (2) a decrease in the area of
the electron entrance and ion exit apertures, and (3) an increase in the
maximum transmittable ion current. The sensitivity of the source can.
then be expressed by

S

+
IT/PS

1/2_-1/2
or S = C5Qa Ps ,

which shows that while the transmittable ion current increases with the
square root of the pressure from Equation (3-60), the ion source sensi-
tivity will decrease with the square root of the maximum ion source
pressure.
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e. The gas flow, Qg, regulated by the pumping system also governs the
source conductance, and thus the value of R. Consequently, this "inde-
pendent" control of the area for transmission allows for an increase in
the ion current. This process of increasing the pumping capacity can-
not, however, continue indefinitely, since eventually the ion exit
aperture will exceed the maximum object size of the analyzer, or create
too much field curvature within the ionizing region due to the large
aperture size.

From the primary parameters derived above, the remaining ion source variables can
be defined as a function of the maximum designed pressure.

The height of the electron entrance aperture, t, is found by substituting Equa-
tions (3-22) and (3-23) into the definition of Kj which gives

K
2 t
0.639 S [—]K
KS(KI 1) L2

rt |

L,

equation reduces to the form

However, since [E*].K will always remain constant for given Lp/t ratio, this

R
: = K6 (3-66)

where

K
2 t
K, = 0.639[ ][—] K
6 KS(Kl-l) L2

A magnetically aligned electron beam will have a thickness, t', within an ortho-
gonal electric field which is defined by the expression

2m v
t' = ot + &) I (3-67)
e 2

B"d
z

Thus by substitution for the defined distances and the ion extraction potential,
the required magnetic field strength to obtain a desired ion energy spread can be
found. This is a function of the maximum pressure from the relationship

. 1/2
B = (_m.s)(zg) (___1_) . (3-68)
z e d t'-t'

A region containing perpendicular magnetic and electric fields will "bend" an
electron beam traveling along the magnetic field lines orthogonally to the two
crossed fields. The effective angle through which it is "bent" can be expressed

by
| -1 vr
f = tan v d . (3-69)

z e
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 can be found as a function of the maximum pressure by substitution for the ion
extraction potential, the magnetic field, and the distance between the ion ex-
traction electrodes.

3.2.3  PHYSICAL LIMITATIONS

While the equations developed in the previous sections are theoretically valid for
the design of a high pressure ion source, physical limitations will prevent them
from being realized due to the following characteristics:

a. The apertures which are controlling the gas flow will approach the limit
of machinability unless the pumping speed is increased. This cannot be
increased indefinitely however due to the reasons previously explained.

b. The electron current density cannot be increased beyond the limit of
what can be obtained by focusing electrons from the filament to the
aperture. Consequently, when the emission density reaches a maximum,
the constant iy will not be maintained to give a defined non-linearity
unless the ion extraction potential is changed. This will change the
value of the transmittable ion current.

Ce There exists a maximum current, ion or electron, which can be trans-
mitted through an aperture due to space charge.

d. With the distance, d, decreasing between the repeller and accelerator
as the pressure is increased, and with V, remaining constant, the dis-
tance will reduce to the point where voltage breakdown can occur.

It was previously seen that to keep the relative parameter, iy, constant, it is
necessary to maintain a constant electron current, J wt', to the anode. However,
since w is scaling with R, and t' is a function of d, then the electron current
density must increase with the 3/2 power of the maximum pressure. to maintain the
value of iy. Now, if the electron current density reaches a maximum value, Jpay,
due to physical limitations of the emission system, then to maintain the value of
iy, the ion extraction potential can be changed with pressure. Thus in the limit-
ing case, this potential can be expressed as

v - [[Avion] [JI:‘@-E.] [106]]1/2 ( K,S.P, )1/4 (1-1(3)1/2

R 1, 48:4 x 1o‘*1<1 , 4a
. 1l/2
I -3/4
K, lnf -2 P . (3-70)
I' S
AN

3-23




The transmittable ion current in the case where the electron current density has
reached a maximum then becomes

1/2
3/4 1/4 m
+ 3m - . 1/4 1/4 -6
IT = (4 ) [[Avion] [Jmax]] |:X1v KS ] (10 ) (aV eM)

el
-1/4
K5, /8 1-K, L I -5/8
fp 7 Qa K4 in —-_— PS (3'71)
48.4 x 10 K1 IAN

From Equation (3-70), substitution for V. into Equations (3-68) and (3-69) will
then give the values of the magnetic field, B,, and the electron beam walking
angle, 6, as a function of the maximum pressure when the electron current density
becomes limited.

Space charge will limit the amount of electron or ion current which can be trans-
mitted through a tunnel aperture. Spangenberg4 gives the relationship for the
maximum ion current transmittable through a circular apérture as

2 m 1/2
+ _ -4 . 3/2 [R_ _e _
ISC TN = 0.550 x 10 Vr [Ll] [M ] . (3-72)
MAX

Thus, the maximum ion current due to space charge in the aperture is a function of
the ion extraction potential if the R/Lj ratio remains constant as defined for the
constant Kp. It is then seen that up to the point where the electron current
density becomes limited, this maximum current will remain constant as the maximum
pressure is varied, and beyond this point, it will change inversely proportional
to the 9/8 power of the pressure.

Spangenberg4 also gives the relationship for the space charge limiting of a mag-
netically confined electron beam passing through a tunnel aperture. In this case,
beam spreading does not occur, so that the space charge limit is only created by
an increase in the current density. This happens when the potential of the center
of the electron beam drops to the potential of the source, For a beam which com-
pletely fills the aperture, the limit then occurs when

-3 3/2
I = 1,025 [%V ) x 10 ] (3-73)
SC|] TUN . el
PERTURE

MAX A UR
This expression shows that the space charge limit of a magnetically confined
electron beam passing through a tunnel aperture is independent of the dimensions
of the aperture, and solely dependent upon the energy of the electrons upon
reaching the aperture. Alternatively, J” can be increased up to the limit of the
emission system by increasing the energy of the electrons before they pass through
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the aperture. The minimum energy thus required of the electrons to pass the
necessary current density to the ionizing region is found to be

2/3
4/3 fav__M
= -2, .. \2/3 [4s /__gl_
Vel | aperTurg = (9-833 x 107 ) (3x) \ "o >
MINIMUM ©
4/3
1k, 4/3 1; ]
e KA 1In ;j— s (3-74)

an’]

up to the limit of the emission system. Beyond this limit, this expression then
changes to

. )y @~ ) a3 K.S P 1/6
v = (9.833) lon max v 2pa
el | APERTURE K, 8.4 = 10°x
MINIMUM \H8.5 X 1
1/3
1K, H3 I -1/2
7 K4 in — Ps . (3-75)
TaN

The last physical limitation involves the approach toward breakdown due to the
decreasing repeller-accelerator distance, d, while the maximum pressure is in-
creasing and the extraction potential is remaining constant. A plot of voltage
breakdown versus the pressure times the electrode spacing is given in Figure 3-5.
However, the abscissa of the curve, P x d, is a constant, since substitution for
the distance gives 8

1K, 1;
PS xd = e K4 In ;:— (3-76)

AN

and thus the breakdown voltage will remain constant as the maximum designed pres-
sure is varied. The curve shown in Figure 3-5 represents the idealized case,
where no sharp corners exist, and no charged particles are present within the
spacing. In an ion source, this is not the case, and the effects from these
additional conditions are not known, so that the degree of confidence in the
allowable voltage levels is rather limited.
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3.3 ION SOURCE MASS DISCRIMINATION

An ion source utilizing a magnetic field to align and constrain the ionizing
electron beam will also create mass discriminating deflections of the ions gener-
ated in the same manner as a magnetic analyzer section of a mass spectrometer,
The deflections will thus be dependent upon the molecular mass-to-charge ratio.

While it is possible to derive expressions for these deflections, the derivations
are dependent upon (1) a knowledge of the magnetic field, (2) the flux density
versus distance along the ion source axis from the point of ionization, and

(3) the ion energy with respect to the distance traveled.

Thus, it appears more reasonable to analyze the mass discrimination by utilizing
a split ion focusing lens in the design of the test model and measure these

deflections by observing the spread potential required to focus the different
masses out of the source. '

3.4 SYSTEM TIME RESPONSE ANALYSIS

As derived in Seétion 3.1,1, the ion source and analyzer pressure changes as a
function of time with the use of a pump can be expressed by

dPs 1 '
T = v: [POC° - (C° + Cs) Ps + Pacs] ‘ (3-6)
and
dPa 1 - _ CaS '
dat = V‘ Pscs f cs + S +¢C Pa (3-7)
a A p  a .
Converting these two equations to their respective LaPlace transforms gives
. 1 ’ -
sPs(s) - Ps(o) - vs [CoPo(s).- (Co + Cs) Ps(s) + CsPa(si] _ (3-77)
and
1 Casg
: sPa(s) - Pa(o) = V; CsPs(s) - Cs + Sp 3 Ca Pa(s) . (3-78)

These simultaneous equations have been solved for a step function response, and
after taking the inverse transform have the form

-n,t -n,t
e ! +ce 2 (3-79)

Ps(t) - Alu(t) + B1 1

and

-n3t -n.t -n,t
Pa(t) = A2u(t) + Bze 4+ C.e + De ' (3-80)
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In order to analyze these responses for variations of any or all of the system
parameters, a computer program was generated for these solutions as shown in
Appendix A.

Similarly, the expressions developed in Section 3.1.2 for the system response
without a pump were evaluated and computerized for a step function change in the
external pressure. This program is listed in Appendix B. The results of the
Time Response analysis are discussed in Section 5.2.
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4. SOLUTION TO THE TASK REQUIREMENT

4.1 DIMENSIONAL CONSIDERATIONS

The system for testing the ion source consisted of a quadrupole mass spectrometer
with an attached pumping system of one litter/sec. 1In order to protect the fila-
ment and electron gun, it was necessary to utilize differential pumping and to
limit the maximum analyzer pressure to 1 x 10-3 torr. For a maximum ion source
pressure of 1 x 10-2 torr the differential pumping ratio was thus, 1 x 103.
Assuming the conductance of the analyzer to be much greater than the speed of the
pump, from Equation (3-9), the gas flow rate of the analyzer, Qg, is limited to

1 x 102 torr-liters/second. The ion source gas conductance is found to be

one cc/second. The gas flow is then divided through the electron entrance and
ion exit apertures which together must give the desired total gas conductance.
The radius of the iop exit aperture becomes, from Equation (3-31) and for the
above values;

X 1/2
-5 2
R = 4.55x 10 [f—] (meters), (4-1)

K

where Ky and K} are the arbitrary scaling constants as defined in Section 3.1.6.
The critical dimensions of the ionizing region, ll and ﬂz, are related to Pg by

the equations developed in Section 3.2.1., For an air sample at 1 x 10-2 aprr, the
values of the ion path length, [, are tabulated in Table 4-1 versus I+/I0

TABLE 4-1
Ps = 1 x 10-2 torr = Air Sample
I+/1: [2 (meters) lz (inches)
99% 6.85 x 107 0.00270
98% 1.36 x 1074 0.00536
957 3.51% 107 0.0138
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From Equation (3- 46), and Table 4-1, the length of the electron beam path is then
found for a chosen It /Io transmission percentage. However, regulation of the
anode current will increase Io. This in turn will increase 13 such that the 1t
output will remain linear with the sample pressure in the source. To first order,
this correction will continue up to the limiting emission density of the filament.

For practical reasons of tolerances and aperture sizes, the 0.0138 inch value for
2 was chosen. An 0,028 inch spacing between the repeller and accelerator is
required for an electron beam equally spaced between these two electrodes. This
value provides 99% transmission of the ions at 1.95 x 10-3 torr, 98% at 3.88 x
10-3 torr and 95% at 102 torr. Anode current compensation is expected to reduce
the net non-linearity to below 2%. Thus, the electron current path length, £7,
is found from Equation (3-46) to be

-4

4f
ll _ 2 1,404 x 10 (meters) 4-2)

(1-K,) (1-K;)

The ion extraction electrode distance, d, can then be defined from Equation (3-56)

Y/ -4
d = —% = ééil—f-lg—— (meters) (4-3)

where K4 is chosen for an air sample, and a is the fractional location of the
electron beam. By placing the center of the electron beam in the middle of the
extraction electrodes, the constant, a, becomes 0.5, and thus d = 7.01 x 104
meters. This is done to try to insure that all of the electron current within
the ionizing region will only strike the anode surface and not any of the other
electrodes.

The electron beam width is expressed by Equation (3-59), such that

-
P SRS [K_Z] (neters) (-4
5 5 -1

This width is therefore only dependent upon arbitrary scaling constants to be
chosen, Consequently, since the beam width is set equal to the electron entrance
slit width, the aperture height can then be derived from Equation (3-66). This
gives

-5 K 1/2
t = %— ﬁiééii—lg—- [E;] (meters) 4-5)
6 6 1

Here, Kg is defined by Equation (3-66).
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The arbitrary constants involved were chosen on the basis of the following
discussion:

a.

The gas conductance out of the source was arbitrarily set such that
equal conductances would be obtained through both the electron entrance
and ion exit apertures. Thus, from Equation (3-25), K; = 2.

Since the tramsmittable ion current is dependent upon the square of the
radius of the ion exit aperture as shown in Equation (3-48), it is then
desirable to enlarge the diameter of this hole. Thus, if the diameter

is increased, then the length of the aperture must increase at a much
faster rate to keep the conductance constant. As this length increases
however, the exiting ions will be affected by the fringe fields existing
from the gradients of the ion lens system and the ionizing region at
each end of the aperture., Thus, to compromise the above effects, a
length to diameter ratio of 2 was chosen for the ion exit aperture which,
from Equation (3-29), sets Ko = 3.72.

The position of the ion exit aperture is best located in the center of

the ionizing region in order to reduce the effects of field distortion

around the perimeter of the extraction field. A more uniform field and
defined electron energy thus results. The position of the aperture at

this point is nominally one half of the electron beam path length,All,

and thus K3 = 0.5,

To obtain alignment of the ionizing electron beam above the ion exit
aperture, and to avoid misalignments caused by variations in the extrac-
tion potential, V., which can displace the beam sideways in the EXB
field, it is desirable to make the electron beam width wider than the
ion exit aperture diameter. A value of four times the diameter of the
aperture was chosen. This allows the beam to be 1-1/2 times this
diameter on each side of the aperture. From Equation (3-59), K5 = 0.125.

The height of the electron entrance aperture, t, is determined from the
constant Kg as defined in Equation (3-66), and the ion exit aperture
radius, R. But this value is also dependent upon the height to length
ratio, t/Ly, which is an arbitrary choice. A compromise was then based
upon practical considerations of machinability and providing the correct
conductance. To allow for these considerations, an aperture height of
0.003 in. was chosen which gives the required conductance for the aper-
ture when the length, Lo, is 0.063 in. The calculated value for Kg is
thus 1.032,

The values of the critical dimensions for the ion source using these constants are
tabulated below in Table 4-2.

o
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TABLE 4-2

R = 6,21 x 10-5 meters (2.45 x 10-3 inches)

f, = 3.51x 10°% meters (1.38 x 107> inches)
llA = 2.81 x 10”7 peters (1.11 x 1072 inches)
d = 7,01 x 10-4 meters (2.76 x 10-2 inches)
v o= 4,97 x 10—4 meters (1,96 x 10-2'inches)
t = 7.62 x 107> meters (3.00 x 1()-3 inches)
L1 = 2,48 x 10-4 meters (9.75 x 10-3 inches)
’ -3 -2

L2 = 1.60 x 10 meters (6.30 x 10 ° inches)

4.2 ACTIVE DESIGN FACTORS

The active design factors are the ionizing electron current density, the ion
extraction potential, and electron beam energy in the ionizing region. These
interrelated parameters are the variables which must be adapted to both the
dimensions and each other, in order to realize the design goals.

From Equation (3-57), substitution for the designed pressure, the extraction
electrode distance, d, the constant, a, the electron mass, and assuming the ion
mass for nitrogen as the design-center mass, then the ion extraction potential

can be expressed by

6 (57, . -
v. = 2.23x10°°%{—8L , (4-6)
r x2 _ ‘ .

From Equation (3-51), it is seen that the electron current density is dependent
upon the ion extraction potential, the width and thickness of the electron beam,
and the space charge parameter, i,,, However, the thickness of the electron beam
is seen from Equation (3-64) to be dependent upon the fixed ion energy spread
acceptable by the analyzer. For the present application, the quadrupole mass
filter was designed to accept ions having an energy spread of up to 15 volts.
But, to allow for variations in the magnetic field strength which would change
the thickness of the beam for a given gradient within the ionizing region, a
value for AVj,, of 10 volts is assumed. Thus, the electron current density can -
be found to be: :

1 542

37 = 1.427 x 10712 (-!-155%) .o 4-7)
\ X ' :
4-4




Solving this expression for (SZVel/xz), and substituting in Equation (4-6), gives,
12
v_ = 1.865|L (4-8)
r w -*

It is important at this point to know what emission densities can be obtained from
the filament sources available. A previously designed non-magnetic ion source has
given electron emission densities of 90 amps/meter2 through an aperture 0,010 inch
high by 0.060 inch wide, for total filament emissions of between 100 and 120 micro-
amperes. However, with a magnetically aligned electron beam, higher emission
densities can be obtained, due to improved confinement of the beam., Using the
proven density, the ion extraction potential is thus

v. = -—-4175 | 4-9)

The relative parameter, i,, is best chosen to a small value in order that the
change in the spatial potential,lﬁaz/az, is small as x changes from x = o to
x = x7. However, it is also desirable that V, not become too large. Thus, a
value was chosen of iy = 0.20 such that

Vr = 39.7 volts . (4-10)

Substituting this value into Equation (4-6), then it is seen that

2
el

2
X

= 1.780 x 10° . G-11)

For the value of i, chosen above, the value of x at the maximum designed pressure
will then determine the non-linearity, which will be created due to the changing
potential at the ionizing plame. On one type of mass spectrometer,5 having a
similar geometry in the ion source, a 3 percent interference (non-linearity)
occurred when Aaj/as; = 0.0233. However, it is felt that the design value of
A‘1:)_/‘12 should be more conservative. For this reason, a value of x = V2 was

used to evaluate the parameter velsz. Thus, Equation (4-11) becomes

vels2 = 3.56x 1077 . | (4-12)

The ionization crossection, S, is dependent upon the ionizing electron energy, and
has been thoroughly studied for many gas species. Between 40 and 100 volts of
electron energy, the cross sections for nitrogen and oxygen are nearly identical,
so that for a nitrogen sample, the dependence of S upon Vo3 is tabulated in

Table 4-3,




TABLE 4-3
Vel S
(volts) (AMP (I; )/AMP (1 )-meter-torr)
2
40 600
50 ' 800
60 900
70 950
80 980
90 1010
100 1050

From this table, the values of Vo1S2 for nitrogen have been computed, and are
plotted as a function of the ionizing electron energy, Vel, in Figure 4-1. From
this curve, it is seen that to satisfy Equation (4-12), the ionizing electron
energy must be

V,y = 52 volts (4-13)

With this value determined, it is then possible to calculate the depression in
the spacial potential of the ionizing plane when the maximum pressure of 1 x 1072
torr is reached in the ion source. From Equation (3-62), it is seen that

Aa
-—= = 0,00526 4-14)
%

which is considerably lower than the value which gave a 3 percent non-linearity
with the cycloidal focusing mass spectrometer.

The required electron current in the ionizing region, without collisional effects,
can thus be derived from the relationships

I” = Jwt orI” = iV . (4-15)
vr

Substitution of these determined values gives

I = 7.9% x 10.”6 amperes . (4-16)

With the constraints of the problem and the values chosén, the ion source appears
to be capable of operation to 1 x 102 torr.
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The transmittable ion current for the parameters derived can then be found from
Equation (3-60), which for a nitrogen sample at 1l x 10"2 torr gives

I; = 1.608 x 10-9 amperes (4-17)

However, this current corresponds to the maximum transmission of ion current from
the first aperture, Due to the optics and apertures of the remainder of the ion
focusing system, it is assumed that the output current of the ion source into the
quadrupole analyzer will only be 10 percent of the transmittable ion current from
the first aperture. This ion transmission percentage agrees approximately with
transmission data taken on previously designed ion sources. Consequently, the
final ion output current of the source at 1 x 10-2 torr of nitrogen should be

+

Iy, |OUTPUT

~ 1.6 x 10710 amperes . (4-18)

Thus, the ion source sensitivity will be

SENSITIVITY IN ~ 1.6 x 10“8 amps/torr (4-19)
2

which satisfies the design goals as stated in Section 2.0,
4.3 PASSIVE DESIGN FACTORS

The passive design factors of the ion source consist of the design parameters
which are dependent upon the values of the active design factors determined'in
Section 4.2. These include the resultant thickness of the electron beam, t , the
required magnetic field to produce this thickness, B,, the walking angle of the
electron beam, 6, and the physical limitations placed upon the active design
factors.

The thickness of the electron beam is a defined parameter which is a function of

the ion energy spread, AViop, acceptable by the analyzer., As stated in Section 4.2,
the source is to be designed to give an energy spread of 10 volts, so that from
Equation (3-64), the required thickness is

t' = 1,768 x 10-4 meters (4-20)

Substituting this value into Equation (3-68), the required magnetic field, B,, can
be found, which gives

B = 8.006 x 102 webers/meter’
z (4-21)

& 800 gauss

4-8




The walking angle, €, of the electron beam can thus be calculated from Equation
(3-69) which gives the result that

6= 9,38 (4-22)

Since the designed parameters do not imply a limitation occurring due to emission
limiting of the filament, the physical limitations implied by Equations (3-70) and
(3-71) will not be present in the design being considered. It is then necessary

to examine the space-charge limiting which will occur in the tunnel apertures to
see if the designed currents will pass through the apertures. The maximum current
which can be passed through the ion exit aperture is defined by the relationship

of the parameters expressed by Equation (3-72). Substituting the values previously
derived, it is then seen that

I+

. 3.81 x 10™° amperes (4-23)

TUN
MAX

which is much greater than the maximum ion current transmittable at the maximum
pressure defined by Equation (4-18).

For the electron entrance aperture, Equation (3-73) defines the space charge limit
for the electron current. Assuming that the potential of the electron entrance
aperture is the same as the ion accelerator in which the ion exit aperture is
located, it can be written that

\ = V

1
el el + 2 Vr (4-24)

APERTURE

Rearranging terms and substituting values gives

A = 32 volts (4-25)

el

APERTURE
The maximum current passable through the electron entrance aperture is thus

I

sc 5.92 x 107> amperes (4-26)

TUN
MAX

which is much greater than the required electron current, and moreover much
greater than can be supplied by the emission system.

These calculations show that the effects of space charge in the tunnel apertures
will be negligible.

The breakdown potential for a designed maximum pressure of 1 x 102 torr can be
found from the curve illustrated in Figure 3-5., For the design values, Pgxd =
7.01 x 1076 torr-meters which would have a breakdown voltage of greater than
105 volts without the presence of charged particles or sharp corners within the
ionizing region. The 40 volt extraction potential is also below the minimum
value of 300 volts for pure gaseous breakdown.




5. DESIGN OF THE TEST MODEL

The design of a high pressure ion source capable of operating at pressures up to

1 x 10-2 torr was accomplished with a goal of utilizing the instrument with a
previously designed quadrupole mass spectrometer. The dimensions above were
utilized to define the spacings of the ion source for compatible operation at the
maximum operating pressure. Further analysis and design was required, however,

to determine the size of the magnet to obtain the necessary Bz field, and to com-
pute the time response of the designed system. The final configuration of the

ion source assembly is illustrated in Figure 5-1. An exploded view of the ionizing
region cross section is shown in Figure 5-2, with the various electrodes being
called out.

5.1 MAGNET DESIGN

Due to the relatively low magnetic field required, and the limited spacing in the
source region, the use of Placovar 6 was incorporated for the magnet material.
While expensive, this material has distinct advantages for space-constricted
designs since it has a very high energy product.

Figures 5-3 and 5-4 show the demagnitization curve and effect of high temperatures,
respectively, upon the Placovar material. The flux curve versus temperature is

for the initial exposure of the material to a desired temperature, and subsequent
exposures to temperatures equal to or lower than the initial one do not reduce the
flux level further. Thus, to obtain a Bz field of at least 800 gauss as derived
in Equation (4-21) and a bakeout capability of 350°C, then from Figure 5-4, the
magnet must be chargeable to at least 915 gauss in the gap. To allow for a safety
factor in the approach, the magnet flux density obtainable in the gap was chosen
at 1000 gauss.

Due to the relative sizes of the ion source material to be placed between the
magnet poles, the length of the magnet gap was defined in the design to be approxi-
mately 0.600 inch, Furthermore, for the ion source to fit within the housing, the
length of the pole face material on each side of the source was restricted to about
0.300 inch.

To obtain the lowest leakage factor of the magnet, the optimum magnet-yoke combi-
nation configuration is a construction where the magnet material is located at the
pole faces with the connecting yoke made from high parmeability soft iron. This
is illustrated in Figure 5-5.
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In the configuration of Figure 5-5, the area of the magnet is equal to the area
of the gap, or

A = A . (5-1)

Using the equations presented by Thomas and Skinner,7 the magnet relationships can
be expressed by

fH L
Lm = H ‘ (5'2)
d
and,
FB A .
Am = 7B (5-3)
d
where
Lm = Total magnet length (cm)
Am = Magnet cross sectional area (cmz)
Lg = Length of gap (cm)
Ag = Area of gap (cm)
f = Reluctance factor
F = Leakage factor

5-5



B = Required gap flux density (gauss)

g

Hg = Gap Demagnitizing Force (oersteds)

By = Flux density in the magnet (gauss)

Hd = Corresponding Demagnitizing Force in the magnet for Bd (oersteds)

But since

Se
Ho= H s (5-4)
g -

where p is the permeability of the gap medium, and for the non-magnetic material
in the gap, p = 1 then

B = H . 5-5
o . (5-5)

Using the dimensions which £it both the ion source and analyzer housing interfaces,

Lm = 1,523 cm

From Equation (5-2)

Hy

Assuming a reluctance factor (ratio of MMF of circuit to MMF of gap) of 1,5, then

100 £ (oe)

H 1500 oce (5-6)

d

From the demagnitization curve in Figure 5-3, the magnet flux density is thus
seen to be

By = 4800 gauss (5-7)

For the particular arrangement of magnet and yoke being used, the leakage factor
can be computed using the formula

Lng x 0.34 L
= e 5-8
Pl [0.875x T 13L, T T x (5-8)
g g
where
X = length of one of the magnet pieces (cm)
CX = perimeter of a cross-section of part x (cm)

5-6




However, combining Equations (5-1) and (5-3), it is seen that the leakage factor
should be no greater than

F = 4.8 (5-9)
Therefore, substitution into Equation (5-8) gives the result that

C

KE = 2.58 (5-10)
g

Using a circular magnet as a pole piece, the circumference to area ratio is thus

C
.
g

o

m
where Rm = magnet radius (cm)
and thus

R = 0.775 cm

m
The diameter of the magnet required is thus 0.61 inch., Further consideration
indicated that the magnet gap could be reduced to 0,540 inch., The following
dimensions were then used for obtaining the Placovar magnets:

L = 0,600 inch

m
or

x = 0,300 inch and

R = 0,300 inch .
m .

To gain simplicity in the design, the magnet yoke was combined with the ion source
mounting ring, as seen in Figure 5-1, This ring was made of Armco iron in order
to obtain high permeability and low leakage. Further calculations showed that by
using 0.150 inch thick material for the yoke in this configuration, then the field
strength in the gap would suffer only a negligible loss.

5.2 TIME RESPONSE

The time response of the ion source and analyzer was computed using the program
described in Section 3.4 and shown in Appendix A, For the system using a one
liter per second pump, and having an effectively open ionizing region to the
external atmosphere, the ion source reaches 95 percent of its final value (3 time
constants) in 0.0025 seconds. The source time constant is thus

1; = 833 pu-seconds

for a step change in the external envirommental pressure.

5-7




The program was then used to analyze the ion source and analyzer pressures as a
function of time for step changes in the external pressure, from 1 x 10-8 to

1 x 1072 torr and back to 1 x 10-8 torr, in half second intervals over a five
second time period, Figure 5-6 shows the ion source pressure response as a func-
tion of these changes in the external pressure. Figure 5-7 similarly shows the
analyzer pressure response,

For use of the system without a pump, the‘program given in Appendix B was utilized,
Figure 5-8 shows the ion source response to the changes in the external pressure,
and Figure 5-9 shows the analyzer pressure response.

These data were taken in order to analyze the effects present in the ion source
as the spacecraft tumbled through the outside atmosphere. It clearly shows that
the use of a pump benefits the system in the pressure build-up of both the ion
source and the analyzer. Thus, more accurate atmospheric analysis over a wider
dynamic external pressure range would result.

5.3 MECHANICAL CONSIDERATIONS

The mechanical design of the high pressure ion source was accomplished with two
goals:

a, To achieve the dimensional requirements as derived in the theoretical
analysis.

b. To simplify the mechanical arrangement of the electrodes for repro-
*  ducibility, ease of assembly, and reducing the occurrance of shorted
electrodes,

To meet the goals, the final design as shown in Figure 5-1 evolved. The mechan-
ical assembly of the source involves two alignments, and ten screws holding the
various electrodes to the mounting block. This mounting block contains the elec-
tron entrance and ion exit aperture, and serves as both the electron and ion
accelerators, It mounts by a dowel-pin-type arrangement to the ion source mounting
ring by two screws. The mounting ring is the yoke for the magnets which press
into it. Four holes, compatible with the previously built quadrupole analyzers

are provided for mounting the ring to the mass spectrometer. The feature of this
arrangement is that the completed ion source can be aligned to the analyzer and
removed many times without disturbing this alignment. The only part of the source
remaining within the housing is the mounting ring containing the two permanent
magnets. Four sub-assemblies are then mounted to the block; the filament assembly,
the ion focusing system, the anode, and the repeller.

The filament assembly mounts the filament across two large metal blocks which are
held with respect to each other by a suitable insulating media. 1In this applica-
tion, each of these blocks is mounted to the filament shield with an insulating
washer, such that the shield becomes the separation and locating media. A conse-
quence of this mounting is that the filament heat is better utilized to heat and
maintain the cleanliness of the source. In order to save critical spacing, this
assembly is then mounted to the ion source block by the same two screws which hold
the anode. The anode is electrically isolated from the screws however, which
thread directly into the filament mounting blocks. Maintaining a gas seal in the
mounting of the anode to the source block is also important. This is shown in
the ionizing region cross-section illustrated in Figure 5-2.

5-8
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The ion focusing system consists of stacked electrodes insulated by ceramic
washers. These are compressed against the mounting block by the mounting of the
ion exit nozzle to the block. The nozzle is a defined interface into the quad-
rupole analyzer, but in this case, additional holes are provided through the sides
of the nozzle to keep the ion focusing area in the low pressure area of the
instrument. The ion focus system utilizes a single lens between the accelerator
and nozzle to form a three element focal system. This lens is then split in the
preferred orientation to compensate for ion source mass discrimination as described
in Section 3.3.

The repeller in this design serves two functions, (1) an ion extraction electrode,
and (2) the gas inlet system to the ionizing region. As seen in Figures 5-1 and
5-2, a blind hole is drilled down the repeller to a point at which two orthogonal
holes meet it. The inlet gas flow enters the ionizing region through this system.
The repeller is then isolated from the source block by a ceramic plate which
provides both electrical insulation and gas sealing. Removal of the repeller only
involves the unfastening of two screws. This enables inspection of the alignment
of the apertures and lenses of the ilon focusing system.
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6. TEST RESULTS

The performance testing of high pressure ion source was divided into the three
areas listed below:

a. Electron current tune-up

b. Jon current tune-up

C. Output current linearity with respect to ion source pressure.
To accomplish this task, the ion source was mounted in the prototype Specialized
Mass Spectrometer, This tube was fabricated for Goddard Space Flight Center on
the NASA Contract NAS5-3453, Item A. The use of this instrument properly simula-

ted the actual use of the source.

The initial measurements on the ion source consisted of two axial field plots of

the magnetic field, The flux density of the field was plotted down the ion source

and quadrupole axis, and also down the axis of the magnets, with data recorded
one inch away from the magnet center. Both axes are not the same since it was
necessary to offset the magnets to accomodate the filament assembly. These two
field plots are illustrated in Figures 6-1 and 6-2. While the field flux density

of 1550 gauss was greater than anticipated, only the electron beam height, t', and

the walking angle of the beam, 0, were effected. Adequate margin in the beam
width relative to the ion exit aperture diameter allowed using the magnet as
charged.

The quadrupole analyzer was then assembled with the high pressure ion source and
mounted on a vacuum system for testing of the electron current transmission

parameters. The test electronics were then set up in the configuration illustrated

in Figure 6-3.

The originally installed filament was a 0.005 inch diameter wire of 75 percent

Tungsten - 25 percent Rhenium alloy, and was aligned directly with the center line

of the electron entrance aperture. At an analyzer pressure of 2 x 10-7 torr, the
filament was turned on and a standard filament burn-in procedure employed. The
results at this point appeared to be quite normal, so the source was then recon-
nected to obtain anode current. None was obtained regardless of voltage vari-
ations, so the source was then removed and disassembled for inspection. It was

observed that the filament had bowed approximately 0.010 inch from the center line

of the accelerator slit. A new filament of the same material was then installed
and aligned, and the source was pumped down.
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When this filament was turned on the results were identical, The filament had,
again, moved away from the acelerator slit and no anode current could be obtained.

A coiled filament was then constructed using 0.005 inch diameter wire (25 percent

Tungsten and 75 percent Rhenium) wound on a 0.007 inch diameter form. This fila-

ment was installed and aligned so three coils were distributed over the length of

the entrance aperture. With this arrangement, 4 microamperes of anode current was
achieved while obtaining a total emission current of 200 microamperes. After a

short time, this decayed to 2 x 10-8 amperes maximum regardless of the applied
potentials,

The system was then analyzed to see if the changing filament position was a func-
tion of natural sag, or if the force applied by the filament current and the
orthogonal magnetic field could be moving the filament from its aligned locationm.
The filament polarity was thus reversed to determine if the magnetic field was
applying enough force to tow the filament away from the accelerator slit. Again,
the anode current was 4 microamperes as before, and this slowly decaded to an
unacceptable value, The magnetic field was apparently causing the filament to
move, To prove the above, a new filament (0.003 diameter coiled wire) was instal-
led and turned on. No anode current was obtained as expected, and inspection
revealed that the filament had moved 0.021 inch from the accelerator slit in the
direction of the magnetic force. This force was then calculated using the values
of 1500 gauss and 1,5 amperes of filament current, giving

F = 1.78 x 1072 l‘l'-g-'-:-

sec

This force appeared comparable to the filament strength and was assumed to causé
the movement of the filament.

In order to alleviate this problem, a ribbon filament was constructed of pure
Rhenium, of dimensions 0,0015 x 0,010 inch, and was installed with the stiff
direction parallel to the applied force., The anode current thus obtained was
1.5 microamperes out of a total current of 100 microamperes. The transmission
efficiency in this case was lower, but it proved to be more reliable and more
consistant, The filament current was held below 1.5 amperes.

From the results of an electrolytic tank investigation of the ion focusing system,
it appeared that the tube lens effects created at the ion exit aperture would not
seriously drop the sensitivity of the source by defocusing of the ion beam.

Figure 6-~4 illustrates a typical series of trajectories through the aperture.
These indicate that while the ions entering near the edge of the aperture do
undergo some defocusing, they refocus upon exiting the tube lens, thus keeping
them within the boundary limits of the aperture walls. From these results, it
appears reasonable that the 10 percent transmission efficiency of the ions

assumed for Equation (4~18) is realizable.

The sensitivity tune-up of the ion source was accomplished by optimizing the ion
output current over a range of repeller and filament reference supply potentials.
The ion focus lenses were tuned to the maximum sensitivity in each case. This
procedure developed the optimum ion source potential, Vy, of 46 volts and a fila-
ment reference supply potential of 30 volts. The anode current was 5 m1croamperes.
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The energy of the electrons upon ionization is described by Equation (4-24) which
gives a value of Vel = 53 volts. These potentials give very close agreement with
the theoretical calculations, and the sensitivity obtained was approximately

8 x 10-9 amps/torr for the m/e 28 peak of nitrogen. For the ion source testing,
the analyzer was detuned to give a resolution of about Am/m = 1/10 in order to
avoid oscillator stability problems. A typical spectrum scan of the m/e 28-32
group at this resolution is shown in Figure 6-5.

The ion energy spread, AVions was then measured by using an ion suppression
technique by applying a bias to the quadrupole rods. This method was previously
used in ion source tune-up during quadrupole analyzer testing. The initial
results, as shown in Figures 6-6 and 6-7 show energy spreads of 25 volts for

m/e 28, and 10 volts for m/e 4 (helium) respectively, These data appear to indi-
cate that the energy spread is mass dependent, or that the quadrupole bias tech-
nique of measurement is voltage dependent.since the two measurements were made at
different VAc potentials on the quadrupole. Figure 6-8 then illustrates the quad
bias cutoffs for m/e 28 (Ny) and m/e 40 (Argon) at a Vac = 255 volts (rms), and a
repeat of the m/e 4 (helium) cutoff at a Vpg = 63 volts (rms). It appears that
the observed energy spread is a function of the RF amplitude, since the two scans
for m/e 28 and 40 are the same within experimental accuracy. Again, in Figure 6-9,
the apparent energy spread for m/e 28 is shown for three different Vpc levels
where they give different values. Thus, it appears that the quad bias cutoff
technique is dependent upon the applied RF amplitude, and consequently is not an
accurate method for determination of the ion source energy spread characteristic.

The ion source linearity versus pressure data was taken over the pressure range

of 1 x 1073 to 1 x 101 torr for three different sample gases; nitrogen, helium,
and oxygen. The sample pressure was measured using a CEC Micromanometer which

has an operating pressure range of 1l to 150 microns, and a reproducibility of

0.5 microns. Consequently, the accuracy of the pressure measurements at 1 x 10-3
torr was limited by the measuring equipment. Two linearity runs are presented for
each of the samples., Figures 6-10 and 6-11 show the linearity results using a
nitrogen sample with the quadrupole tuned to m/e 28. These curves show a non-
linearity of less than 10 percent at 1l x 10-2 torr, the maximum designed pressure
for the ion source. The data was taken, however, up to 1 x 10~1 torr in order to
analyze the non-linearity at pressures higher than the design maximum, These

data indicate that higher pressure levels can be tolerated by the ion source, and
that calibration of the non-linearity will give sufficient accuracy of measure-
ment. Figures 6-12 and 6-13 show the ion source m/e 4 output as a function of a
helium sample pressure in the ionizing region, and Figures 6-14 and 6-15 illustrate
the oxygen linearity. These curves, as expected, show a better linearity char-
acteristic at the maximum designed pressure than for Np. This improvement for He
is due to the reduced ion space charge at the corresponding pressure of No., The
ion source is thus capable of operating at higher pressure levels of He without
experiencing large non-linearity.

The final operating conditions of the ion source pressure of Ny are listed below
for operation with a nitrogen or oxygen sample:

V (Accelerator) 250.0 volts

V (Repeller)

]

295.6 volts

V (Filament)

220.1 volts
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V (Filament Shield) 217.6 volts

V (Ion Focus A)

186.8 volts

V (Ion Focus B)

201.8 volts
V (Anode) = 354.2 volts

V (Nozzle)

0 volts

Emission Characteristics

V (Filament) = 2.44 volts
I;OTAL = 165 microamperes
I;NODE = 5 microamperes

I (Filament) = 1,35 amperes

It must be noted that when operating at the higher pressure levels the filament
current, voltage and total emission are higher in order to maintain a constant
anode current. When operating at the very high pressures this increased power
reduces the filament strength so that the force due to the magnetic field causes
the filament to drift away from the electron entrance aperture. Under test, it
was necessary to reverse the filament polarity whereby the conditions returned

to normal. Sustained operation at higher pressures required further polarity
reversal.
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7, CONCLUSION

The design analysis and fabrication of a high pressure magnetic ion source has
been performed, resulting in a tested instrument capable of analyzing pressures
within the ionizing region greater than 1 x 10-2 torr. Testing has shown that
the ion source can operate up to 1 x 10-1 torr without too great a sacrifice in
the output linearity. The ion source sensitivity for an air sample is approxi-
mately 7.5 x 10-9 amps/torr with 5 microamperes of ionizing electron current.
The fabricated unit appears to realize the instrument goals in close agreement
with the theoretical analysis. The other task requirements were to approach a
sensitivity goal of 1 x 1078 amps/torr and have a maximum time response of 30
milliseconds. A generated computer program has shown that the time constant of
the ion source in an open configuration is 833 microseconds and will reach 95 per-
cent of its final value (3 time constants) in 2.5 milliseconds.

It is recommended that a future effort be made to analyze the filament structure
and mounting more thoroughly in order to strengthen the filament against the
applied forces.
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APPENDIX A

Analyzer System Time Response
with Pump
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APPENDIX B

Analyzer System Time Response
without Pump
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